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A highly sensitive displacement sensor for atomic force microscopy is described which enables one 
to measure the relative displacement of the tip from a sample surface. The sensor is based on the 
differential heterodyne interferometer formed between the reflections from the microscope 
cantilever backside and the sample surface. As a result of using an optical common-path 
construction, the sensor is essentially insensitive to the mechanical vibration, and achieves high 
stability at low frequencies, even though there are certain restrictions imposed by the reflection from 
the examined surface and the variable deflection mode. Images are presented demonstrating the 
atomic resolution of mica and graphite. 0 1994 American Institute of Physics. 
I. INTRODUCTION 
An atomic force microscope (AFM) measures the inter- 
action force between a sample and the sharp tip attached on 
the end of a force-sensing cantilever which converts the 
force into a minute deflection.’ This deflection has been 
monitored by a number’of alternative detection methods to 
date. They are electronic and optical techniques. The elec- 
tronic techniques include tunneling’-*’ and capacitive12 de- 
tection. The optical techniques include 08tiga:~~z;;; 
deflection,r3-l7 homodyne,‘8-24 and heterodyne 
ometry, and laser diodk feedback3’ detection. All of these 
techniques have.their own advantage and disadvantage with 
respect to the complexity, sensitivity, low-frequency stability, 
and applicability to the dc or ac mode. In the dc mode, the 
interaction force is determined by measuring the static de- 
flection of the cantilever. This mode has been used for pro- 
filometry type applications with atomic resolu- 
tion.‘-“,‘4-‘7121,2 In the ac mode, the cantilever is excited 
into a vibration with an amplitude of l-100 A at a frequency 
close to the resonance frequency of the cantilever. The pres- 
ence of a force gradient shifts the resonance frequency and 
causes a change in the phase and amplitude of the vibration. 
This mode has been used to measure van der Waals, mag- 
netic, and electrostatic forces.1g-21123-26 
tem tends to become larger with an increase of the process- 
ing components, the heterodyne interferometer can be more 
susceptible to low-frequency noise than the other detection 
methods. When the heterodyne interferometer is used in the 
dc mode, the low-frequency noise behavior is sub- 
stantial.“-” Atomic resolution has not been achieved by the 
AFM with the heterodyne interferometric detection, as far as 
we know. 
In this article, we describe a new heterodyne interfero- 
metric displacement sensor that is well suited to the dc mode 
operation. The polarization detection system is used in the 
differential mode?2 The common-path technique33 makes the 
sensor low-frequency stable and mechanically robust even 
though the AFM system is not so compact. The atomic reso- 
lution images are presented. 
II. SYSTEM CONFIGURATION AND DETECTION 
A. Instrument design 
A critical part of the detection technique is the dc stabil- 
ity of the motion sensor. Drift and low-frequency noise di- 
rectly falsify the measured image. The heterodyne interfer- 
ometer built by Royer et al. can measure an amplitude of the 
ac displacement as small as lop4 A.31 Using this probe, Mar- 
tin et al. achieved excellent sensitivity in the ac mode.Z”5.26 
Heterodyne interferometers can be used to measure the dc 
dispIacement as well as the ac displacement. Since hetero- 
dyne interferometry does not suffer any limitation in main- 
taining the operation at a stable maximum sensitivity and has 
a linear relation between the detected phase shift and the 
displacement, it is preferable over the other detection meth- 
ods. However, since it provides no particular immunity to 
optical path length fluctuations when used in the dc mode, it 
suffers low-frequency noise. Moreover, since the total sys- 
The developed AFM is shown schematically in Fig. 1. 
The optical system is combined with a conventional optical 
microscope. The scan area can be seen through the dichroic 
mirror. The microscope body is constructed of an alloy 
(Enomoto Inc., Nobinite cast iron CF-5) which has a low 
coefficient of thermal expansion. The dimensions are -40 
X35X40 cm3, which is relatively larger than other 
/#MS 1,X,9,11,14,19,24,28 
The optical configuration uses a two-beam interferom- 
eter. The horizontally polarized beam from the He-Ne laser is 
divided into two beams by the first beam splitter (BS,). The 
polarization plane of the reflected beam is rotated by 90” 
traversing the X/2 plate. On the other hand, the frequency of 
the transmitted beam is up shifted by 100 kHz in two 
acousto-optic modulators (AOMS). These beams are recom- 
bined together by the polarizing beam splitter (PBS). The 
combined beam is divided by the second beam splitter (BSJ. 
The transmitted beam proceeds toward the photodiode PDr 
and the reflected beam proceeds toward the cantilever or 
sample. 
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FIG. 1. Schematic diagram of the heterodyne interferometer and AFM. BS, 
and BS, : beam splitters, PBS: polarizing beam splitter, P: polarizer, AOM: 
acousto-optic modulator, PD, and PD,: photodiodes. 
The sensing and reference beams correspond to two mu- 
tually orthogonal polarization states with slightly different 
frequencies. The sensing beam is the vertically polarized p 
state and the reference beam is the horizontally polarized s 
state (in-plane polarization relative to the calcite crystal). 
The double-focus lens is in the form of a symmetrical triplet, 
which consists of a central double concave lens of calcite and 
two double convex glass lenses.34 The optic axis of calcite 
lies in the plane of the lens, and the triplet is designed to 
have zero power for the ordinary ray (JJ state), whereas it has 
a focal length of -3.63 cm for the extraordinary ray (s state). 
The sensing beam (p state) combined with the reference 
beam (s state) is incident from the upper side, and the 
double-focus lens introduces an angular divergence between 
the orthogonally polarized beams. The ordinary beam (p 
state) passes through the double-focus lens without refraction 
and is focused onto the backside of the cantilever end fol- 
lowed by the SOXobjective with a focal length of -0.36 cm. 
The diameter of the focused beam is -1 ,um. The extraordi- 
nary ray (s state) is refracted by the double-focus lens to 
focus on the back focal point of the objective, and expands to 
become the collimated beam radiating over the larger sample 
area with a diameter of -130 pm as shown in the inset of 
Fig, 1. Our optical system basically requires reflection from 
the sample surface. After reflection, the two beams are re- 
combined by the double-focus lens and interfere. The inter- 
ference pattern between the sensing beam (p state) reflected 
by the cantilever backside and the reference beam {s state) 
reflected by the larger sample surface is projected on the 
photodiode PD,. The. resulting interference fringes give .the 
height difference between the illuminated spots. The phase of 
the output signal from PD, is measured with a lock-in am- 
plifier (NF electronic instruments, 561OA), which is used as 
a phase meter by setting the reference signal to the output 
signal from PDr . As compared with other two-beam interfer- 
ometers [e.g., Michelson), the double-focus lens presents the 
total common-path structure. 
To understand the differential nature, let us represent the 
two interfering beams (Ep for p state and E, for s state) at the 
photodiode PD, by 
Ep=exp jiqJ+ A+ 41, (1) 
E,=expjC(oo+Ob)t+~2+(61, i2> 
where wa is the angular frequency, wh is the shifted beat 
angular frequency (2~x10~ rad/s), C#Q and +a are the phases 
for the path length from BS, to PBS through X/2 plate and 
AOMs, respectively, and 4 is the phase for the common-path 
length from the He-Ne laser to PD,, where two combined 
beams travel. The photodiode current intensity I1 from PD, 
is proportional to. the irradiance of the interference signal and 
is given by 
1,x2+2 COS(W~t-(P~+q5~). (31 
And the two interfering beams at the photodiode PD, is rep- 
resented by 
E,=exp j(w0t+~1+~3+~‘)r (4) 
E,=exp j[(w+ 4t+ A+ 44+ 4’1, (5) 
where 4s is the phase for the path length of the ordinary ray 
(p state) from the double-focus lens to the cantilever back- 
side and its return, +4 is the phase for the path length of the 
extraordinary ray (s state) from the double-focus lens to the 
sample surface and its return, and 4’ is the phase for the 
common-path length from the He-Ne laser to PD,: The pho- 
todiode current intensity I2 from PD2 is given by 
1,~2+2 c0siObt-~1+~2-~3+~4). (6) 
The phase difference @ of the two beat signals (I1 and 12) is 
detected by the lock-in amplifier and is given by 
@=+4-rp3* (7) 
From this equation we can see that the phase terms including 
the h/2 plate. (&) and AOMs (&j are canceled out. The 
phase difference Q, is related to the height difference between 
the cantilever tip and the reference sample surface. The en- 
vironmental noise (e.g., air current) can produce small per- 
turbations A+3 and A+4 in & and 44, respectively. Since the 
sensing beam (p state) and the reference beam @state) pass 
the same optical path except for focusing or nonfocusing, 
these perturbations A& and A+4 are almost the same, and 
consequently they cancel each other aut. The common-path 
structure suppresses the environmental noise. The relative 
vibration between the optical part and the mechanical part 
(cantilever or sample) also cancels out. 
A unique characteristic ia as follows. When the sample 
moves by A$4 vertically because of the mechanical vibration 
or the thermal drift, the tip on the sample surface moves by 
the same amount A& (-Ac$~). Therefore the change of the 
phase difference Cp is nearly zero. In contrast to the above 
case, when the sample is scanned laterally (Ac$~=O), the tip 
displacement A& arises. The phase difference @ is given by 
@=-A&. @I 
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FIG. 2. Schematic diagram to explain the differential nature using the 
sample surface as the reference reflector. The cantilever deflection is the sum 
of zI--I and z, . q..., is the displacement of the cantilever tip from the sample 
surface. .z, is the displacement of the averaged sample surface. Since the 
perturbation of z, does not produce the height difference between the tip and 
the sample surface (I,-~), its noise is demagnified in the sensor. 
Since the sample surface is the reference reflector, the phase 
difference Q, is sensitive only to the tip displacement from 
the sample surface. The phase difference (9 gives the 
common-path displacement z,, according to the propor- 
tional relation 
X@ 
@I 
FIG. 3. Interferometer output for (a) 1 s and (b) 10 s. 
statistical parameter of the standard deviation or,, which is 
approximately inversely proportional to the integral time r3’ 
where X is the wavelength of the He-Ne laser light (6328 A). 
When the tip is in contact with. the sample surface, z,,, is 
sensitive to the displacement of the tip from the sample sur- 
face z+, and is less sensitive to the displacement of the 
sample surface z, t which is the ensemble average value over 
the illuminated area. Figure 2 shows the schematic represen- 
tation of ztms and z, . In our experimental setup, z,,, is given 
by 
zs.m,,=zt-s-t Cl/A jz, , (10) 
where A is the demagnification factor (A - - 10). The 
common-path displacement z,, does not correspond to the 
absolute force or deflection of the cantilever. If z,, is used 
as a control parameter for the feedback circuit, the generated 
contour is obtained under the condition that 
~~~~=z~-~+(ljA)z,=const. (11) 
This image does not show the contour of the constant force 
image which is obtained under the condition that 
z,-,+z,=const. (12) 
To obtain the topographic information in our AFM, z,, is 
directly recorded while the sample surface is scanned later- 
ally (z,=const). The sample surface is adjusted horizontally 
such that the average acting force is kept constant. The im- 
ages are obtained in the variable deflection mode, which has 
been used successfully to obtain an atomic or molecular 
scale resolution.“4’5’7”1”4 
B. Interferometer performance 
In a sensitivity test of our sensor, the interferometer 
noise is evaluated. To obtain the dc stability below 1 A, the 
instability of the beat frequency (100 kHz) is not negligible. 
This instability is induced by the driver for the AOMs, which 
has a technical limitation on the stability of the beat fre- 
quency. The beat frequency fluctuation is expressed by the 
(13) 
Using the values of CT~~ = 5 X 10b3, which is the value of our 
driver (HOYA, SD-220) and r-1 ms which is the time con- 
stant of the lock-in amplifier, Eq. (13) yields the standard 
deviation ob = 5 Hz. The displacement fluctuation AZ,, due 
to the beat frequency instability is given by 
A,,,=+, 
where N is the average number of waves used to obtain the 
phase. This number is estimated to be N= 100, considering 
the beat frequency (100 kHz) and the time constant of the 
lock-in amplifier (1 ms). Hence, Eq. (14) yields the displace- 
ment fluctuation Az,,=O.3 A. 
Figures 3(a) and 3(b) show the unfiltered interferometer 
noise from the lock-m amplifier for an acquisition time of 1 
and 10 s, respectively. The time constant of the lock-in am- 
plifier is 1 ms. The drift rate of the sensor is a few &min. 
This small drift assures the accuracy of the measured value. 
Peak-to-peak noise is -0.6 A, which is considered to be 
responsible for the Auctuation due to the beat frequency in- 
stability. 
Figure 4 shows a typical noise spectrum of the unfiltered 
interferometer signal from the lock-in amplifier. The time 
-I? 
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3 
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FIG. 4. Spectral density of the interferometer noise. The resolution band- 
width is 3 Hz. The tip is on the sample of the optical mirror. The apparent 
contact force is 0 nN, and the adhesion force is -27 nN. 
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FIG. 5. A typical force curve. The sample of cleaved mica is moved with a 
velocity of -2.5 pm/s. There are 512 sampling points over 1.18 pm. Ar- 
rows are used to guide the measurement cycle. Zero sample displacement is 
set at the point where the tip and sample start to move togethtr in contact. 
constant of the lock-in amplifier is 1 ms. At the frequencies 
of lo-200 Hz, the noise spectrum is flat with a spectral 
density of -7X10M2 A/ a. The optical power incident on 
the photodiodes is -20 @W. The theoretical shot noise of the 
photodiode is 3 X 10e4 A/ &. The noise is primarily due to 
the beat frequency *instability. The small changes in the beat 
frequency will change the detected phase shift and mimic a 
displacement. For frequencies above 1 kHz, the noise ampli- 
tude falls with a frequency dependence off -’ because of the 
narrow bandwidth of the lock-in amplifier (-250 Hz). 
III. EXPERIMENTAL RESULTS 
AU measurements are carried out in ambient laboratory 
air. The interferometer allows an inherent measurement 
based on the wavelength, which is useful to calibrate the 
piezoelectric actuator displacement and the spring constant 
of the cantilever. The cantilever is from Park Scientific 
Instruments6 The spring constant is calibrated to be 0.034 
kO.002 N/m.37 
A. Force curve 
The force curve is generally the tip displacement as a 
function,of the relative sample displacement. Figure 5 shows 
a typical force curve measured with the common-path dis- 
placement t,, . Since the sample surface is the reference 
reflector in our optical system, the figure of the force curve is 
different from the conventional one. When the tip is separate 
from the sample surface and the sample is translated towards 
the tip, z,, decreases until contact, while the distance be- 
tween the tip and the sample surface ,z-~ decreases. At some 
critical distance, the tip feels an attractive force from the 
sample surface and comes into contact (z,-,=O). The inset 
of Fig. 5 shows the data around the position where a spon- 
taneous jump to contact occurs. This instability “lever jump” 
is due to the ‘low spring constant of the cantilever. 38 When 
the tip and the sample move together in contact, z,,, ideally 
does not change. The value of the slope in contact is -l/11, 
whereas in separate it is -1. When the sample is withdrawn, 
the tip is still in contact with the sample while the sample 
passes through the equilibrium position. The tip adheres until 
FIG. 6. AFhI images obtained in the dc variable deflection mode demon- 
strating the atomic corrugations of (a) mica and (b) HOPG. The acquisition 
times are -10 s for (a) and -6 s for (b). Figures consist of 64 lines with 128 
pixels. 
the position where the force exerted by the cantilever be- 
comes large enough to break the adhesion. The adhesion is 
due to the meniscus force caused by the condensed water 
molecule from the air. The cantilever then springs back to its 
resting position, and goes away from the sample. 
B. Atomic resolution images 
Figure 6 shows AFM images of two different samples 
obtained in the variable deflection mode. Figures 6(a) and 
6(b) show the atomic corrugations of natural mica and highly 
oriented pyrolytic graphite (HOPG), respectively. The 
samples are cleaved before experiment. The time constant of 
the lock-in amplifier is 1 ms, and the resulting signal is low- 
pass filtered with a cutoff frequency of -50 Hz to remove 
the beat frequency fluctuation as shown in Fig. 3. The scan- 
ning speeds in the fast scan (x axis) direction are -30 rim/s 
for Fig. 6(a) and -20 mn/s for Fig. 6(b). Because of the time 
constant of the lock-in amplifier, our scan speed is slower 
than those of other AFMs.s-5*7p8T14 The horizontal measure- 
ments can be affected by the drift. The unit cells in Figs. 6(a) 
and 6(b) are somewhat distorted because of the thermal drift 
during the scanning or the nonorthogonal scanning in our 
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microscope. The apparent contact force is -2 nN, and the 
adhesion force is -15 nN. These values are determined from 
the force curve. 
Mica is an electrically insulating material. The reference 
beam is reflected by the underlying optical mirror. Figure 
6(a) shows the trigonal patterns with a periodicity of -5 A.3q 
The measured corrugation is 0.2-0.5 A. The complete hex- 
agonal rings are seen at times, although the individual atoms 
are not resolved as separate maxima.r5 
HOPG is the most studied material so far by AFM. Fig- 
ure 6(b) shows the trigonal patterns with the periodicity of 
-3 A. The measured corrugation is 0.2-0.6 L& This value is 
comparable with the experimentally obtained values of 
0.15-0.4 A by other AFMs.2-4,778,24 Inequivalent sites in the 
graphite lattice are distinguished by the three bright maxima 
in each hexagon. 
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